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Abstract. We propose an Andreev interferometer, based on a branched Y-junction, to detect
the finite momentum pairing in Fulde-Ferrell (FF) superconductors. In this interferometer,
the oscillation of subgap conductance is a unique function of phase difference between the
two channels of the Y-junction, which is determined by the phase modulation of the order
parameter in the FF superconductors. This interferometer has the potential not only to
determine the magnitude but also the direction of the momentum of Cooper pairs in the FF
superconductor. The possible applications of the interferometer in the identification of the
finite momentum pairing in non-centrosymmetric superconductors are also discussed.
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1. Introduction
Cooper pair can carry finite total momentum. Just after the celebrated Bardeen-Cooper-
Schrieffer (BCS) theory of superconductivity [1], in which the Cooper pair is formed by
two fermions with opposite momenta, Fulde and Ferrell (FF) predicted that finite momentum
pairing may occur in some type-II superconductors at strong magnetic field [2], where the
order parameter ∆FF = ∆eiQ·x, with Q the total momentum of the Cooper pair and ∆ a
constant. It corresponds to pairing between k and −k + Q in the momentum space. A
similar state, which may have lower energy than the FF phase, was predicted by Larkin and
Ovchinnikov (LO) [3], with ∆LO = ∆ cos(Q · x). The FFLO state admits the coexistence
of magnetism and superconductivity and is a key concept to understand the superconducting
behavior in some type-II superconductors, e.g., layered [4], heavy-fermion [5, 6, 7, 8, 9]
and organic [10, 11] superconductors. In the past five decades, great endeavors have been
paid trying to unveil this novel phase, unfortunately, only indirect evidences related to
the possible finite momentum pairing have been reported. The basic reason is that the
reported experimental tools, including Andreev reflection (AR) [12, 13, 14, 15], specific heat
[5, 8, 16, 17], nuclear magnetic resonance [18] and ultrasound velocities [19], only measure
some anomalous properties of the superconductors, which may be caused by other phase
transitions [20].
Directly detecting the Cooper pair momentum, without doubt, provides the most
convincing evidence for finite momentum pairing. In this paper, we propose an Andreev
interferometer based on a branched Y-junction for this particular purpose. In our
interferometer, the subgap conductance oscillation is uniquely determined by the phase
modulation of the order parameter, thus provides a distinctive method to detect the Cooper pair
momentum in FF superconductors. The device is very robust because all the uncontrollable
phases during the multiple scatterings at the Y-junction are exactly canceled out. This
interferometer may have intriguing applications in non-centrosymmetric superconductors
[21], including Li2(PdxPt1−x)3B [22, 23], CePt3Si [24], CeRh(Ir)Si3 [25], CeCoIn5/YbCoIn5
superlattice [26] and SrTiO3/LaAlO3 interface [27] etc.. Generally, the interplay between the
spin-orbit coupling (induced by either the bulk or the structure inversion symmetry breaking)
and the in-plane Zeeman field not only stabilizes the FF phase against the formation of the
LO phase [28, 29, 30, 31, 32], but also greatly enlarges its phase size in the parameter space
[33, 34]. In this sense, our interferometer is best suitable to facilitate the identification of the
possible finite momentum pairing in these materials.
2. Model and Basic Idea
The periodic phase modulation in the order parameter is essential to construct the Andreev
interferometer, as shown in Fig. 1(a). We consider a nanowire Y-junction in proximity to
a two dimensional FF superconductor, which introduces a finite pair potential in the two
channels. To be specific, the two channels are set along the x-direction, with a spatial
separation of h in the y-direction. The pairing in the FF superconductor occurs with a finite
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Figure 1. (color online) Andreev interferometer to detect the Cooper pair momentum. (a)
A branched Y-junction in proximity to a two dimensional FF superconductor. The phase
modulation of the order parameter along the θ-direction is sketched by the color bar. The
electron and the Andreev reflected hole are sketched by the filled and open circles, with their
propagations represented by the solid and dashed lines, respectively. (b) Analogy between
an Andreev interferometer and an Aharonov-Bohm interferometer. (c) Schematics of the
dispersion of the FF superconductor and the scattering processes at the NS interfaces. The
quasiparticle excitation spectra near the Fermi wave vectors (±kF ) are shifted by the values
of ±α. Processes A, B, C and D denote the AR, the normal reflection, and the electron-like
and hole-like quasiparticle transmissions, respectively.
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momentum Q = (Qx, Qy), and the order parameter takes the form of ∆eiQ·x for the s-wave
pairing. In this work, Q is assumed to be changed in situ by an external magnetic field. The
proposed interferometer still works with the unconventional d-wave pairing. This is because
the projection of the order parameter of the FF superconductor into one dimensional channels
eliminates the effect of the internal phase difference in d-wave superconductors. In other
words, the underlying mechanism for FF pairing is not essential in our interferometer.
The basic idea is as follows. An electron injected from channel 0 of the Y-junction is
split into channels 1 and 2. For a transparent normal metal-superconductor (NS) interface,
the incident electron penetrates into the superconductor and forms a Cooper pair with another
electron, leaving back an Andreev reflected hole, which acquires an extra phase equal to the
macroscopic phase of the superconductor [35, 36]. Thus, the phase difference Φ = Qyh
between the two channels due to the phase modulation in the FF superconductor can be
registered accurately by the reflected hole, leading to the interference when the hole paths
finally get combined at the left channel 0. As a result, a total AR probability proportional
to 1 + cos Φ is expected for a symmetric Y-junction. It is interesting to note that the picture
is resemblant to the well-known Aharonov-Bohm interferometer, if we sketch the hole paths
as a mirror symmetry of the electron paths about the NS interfaces in Fig. 1(b). In the
practical case, channels 1 and 2 may have different lengths, there are multiple scatterings at
the Y-junction, and barriers may exist at the NS interfaces. These effects may complicate
the interference between the two channels, however, as shown below, the basic idea and
qualitative results still hold.
3. Theory and Results
In order to find the total AR amplitude in channel 0, we first need to find the scattering
coefficients at the NS interfaces and then combine them with the scattering matrix at the
Y-junction. In Fig. 1(a), the Y-junction is located at x = 0 and the NS interface at x = L. The
nanowire can be described by the Bogoliubov-de Gennes (BdG) equation,(
hj(x) ∆j(x)
∆∗j(x) −hj(x)
)(
uj
vj
)
= E
(
uj
vj
)
, (1)
where hj(x) = −~2/(2m)∂2x − µ + Uj(x) defines the free electron in channel j (j = 1, 2)
with a chemical potential µ and a barrier Uj(x) = Ujδ(x−L) at the NS interface. The effects
due to the Lande´ g-factor and the spin-orbit coupling are assumed to be negligible in the
nanowires, so that the BdG equation is written in a 2×2 form with the external magnetic field
being absent, which although is necessary for the FF superconductor. Due to the proximity
effect with an FF superconductor, a finite pair potential is induced in the nanowire, which is
represented by the step function ∆j(x) = ∆ei(Qxx+ϕj)Θ(x − L) with the phase ϕj = Qyyj
and yj being the vertical ordinate of the channel j. A standard Green function approach shows
that, although the induced pairing strength ∆ may be smaller than that in the bulk, the phase
modulation of the order parameter in the FF superconductor is always accurately registered
by the induced pair potential in the nanowire (See appendix 1 for details).
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The BdG equation (1) can be solved by a Galilean transformation uj → ujeiQxx/2 and
vj → vje−iQxx/2, and the quasiparticle excitation spectra around the Fermi wave vectors
(±kF ) are given by
E±(q) = ±α +
√
(~vF q)2 + ∆2, (2)
where q is a small wave vector measured from ±kF , vF is the Fermi velocity, and the
conditions Qx  kF and ∆  µ have already been taken into account. The quasiparticle
energy around ±kF is shifted by a value of α = ~vFQx/2 due to the Cooper pair momentum,
which is sketched in Fig. 1(c). We find that the x-component of the Cooper pair momentum
results in an energy split at ±kF , while the y-component contributes to a phase difference Φ
between the two channels.
The scattering amplitudes at the NS interface can be obtained by the Blonder-Tinkham-
Klapwijk (BTK) approach [37]. By matching the wave functions at the NS interface, the
AR amplitude for an incident electron is obtained as aj = u−0 v
+
0 e
−iϕj/γj , where γj =
u+0 u
−
0 (1 + Z
2
j ) − v+0 v−0 Z2j , Zj = mUj/(~2kF ) is the dimensionless barrier strength, and
u±0 =
√
[1 +
√
(E ∓ α)2 −∆2/(E ∓ α)]/2 and v±0 =
√
1− (u±0 )2 are the electron and
hole components of the wave functions around ±kF , respectively. The AR amplitude for
an incident hole is denoted as a′j and can be obtained similarly (See appendix 2 for details).
Since the incident electron and the Andreev reflected hole move with the same momentum
but opposite directions, the phases accumulated by them during the propagation are canceled
out exactly. Consequently, the AR amplitudes aj and a′j only depend on the macroscopic
phase of the superconductor (ϕj) and have nothing to do with the channel lengths. The phase
difference ϕ1 − ϕ2 = Φ is defined by the Cooper pair momentum Qy.
A symmetric Y-junction is generally favorable to observe the strongest interference
effect. Such that the scattering amplitudes for the electron at the Y-junction can be fully
parameterized as follows [38]: t for the transmission between channel 0 and channel j, τ for
the transmission between channel 1 and channel 2, and ρ for the reflection within channel j.
Since there is no AR process at the Y-junction, the energy dependence of t, τ , and ρ in scale
of ∆ can be neglected. The scattering amplitudes for the hole are just the complex conjugate
of those for the electron due to the particle-hole symmetry of the BdG equation.
When a bias voltage eV is utilized in channel 0 and the superconductor is grounded, the
incident electron is multiply scattered between the Y-junction and the NS interfaces before
it finally goes back into channel 0 as an electron or a hole. The total AR amplitude a˜ in
channel 0 can be obtained by combining the scattering amplitudes at the NS interfaces and
those at the Y-junction in a standard scattering matrix approach (See appendix 3 for details).
We note that, since the NS interface here is actually consisted of the same nanowire and the
AR signal is strongest when the NS interface is transparent, the limiting case of Zj = 0
is particularly important and practically useful. In this simple case, the combination of the
scattering coefficients can be fulfilled in a physically transparent way by a Feynman path
summation.
The basic scattering loops between the Y-junction and the NS interfaces are sketched in
Fig. 2, where χij represents the scattering amplitude for a backward hole (moving towards
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Figure 2. Basic scattering loops between the Y-junction and the NS interfaces. The solid and
dashed lines with arrows denote the electron and hole propagations, respectively. The number
in the circle represents the sequence of the scattering. The circles without number are the
Andreev reflected hole before and after the scattering loop. The scattering amplitudes in each
loop are labeled correspondingly.
x = 0) in channel i scattered into a backward hole in channel j. From Fig. 2, we obtain
χ11 = (ρ
∗a′1ρ+ τ
∗a′2τ)a1 and χ12 = (ρ
∗a′1τ + τ
∗a′2ρ)a2. Similarly, χ21 = (ρ
∗a′2τ + τ
∗a′1ρ)a1
and χ22 = (ρ∗a′2ρ + τ
∗a′1τ)a2. Actually, the hole can have multiple scatterings which are
the repeats of the basic loops. The total scattering amplitude rjt∗, representing an Andreev
reflected hole in channel j scattered back into channel 0, should satisfy the self-consistent
equations
rj = 1 + χj1r1 + χj2r2. (3)
The total AR amplitude can be written as a˜ = (a1r1 + a2r2)T , where T = tt∗ is contributed
by the initial electron transmission and the final hole transmission across the Y-junction. With
the help of the self-consistent equation (3), we find
a˜ = T [a1 + a2 − a1a2(a′1 + a′2)]/(1 + Λ), (4)
where Λ = a1a′1a2a
′
2(1−2T )−(a1a′1+a2a′2)|ρ|2−(a1a′2+a′1a2)|τ |2. In Eq. (4), the condition
ρτ ∗ + ρ∗τ = −T is utilized, which is obliged by the unitarity of the scattering matrix at the
Y-junction. Interestingly, we find that, although t, τ , and ρ are all complex numbers, their
phases are precisely canceled out and a˜ is determined only by the macroscopic phases of the
superconductor.
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Figure 3. (color online) Zero bias conductance as a function of θ. The red solid, blue
dotted and black dashed lines are corresponding to the barrier strengths of Z1 = Z2 = 0,
Z1 = Z2 = 0.5 and Z1 = 0, Z2 = 0.5, respectively. See text for values of other parameters
Experimentally, the AR can be measured by the differential conductance at low
temperature. Utilizing the BTK formula [37], the subgap conductance (eV < ∆ − |α|) is
twice as much as the AR probability, and is given by
G
G0
=
2T 2(1 + cos Φ)(1− cos ζ)
T 2 sin2 ζ + [(1− cos ζ)(1− T ) + |τ |2(cos Φ− 1)]2 , (5)
where G0 = e2/h is the unit conductance, ζ = φe + φh, and φe,h = cos−1[(eV ∓ α)/∆].
Eq. (5) is the major finding of this work. The factor 1 + cos Φ in the numerator of
Eq. (5) signifies the interference oscillation of the conductance, from which the Cooper pair
momentum in FF superconductors can be directly resolved. The scattering paths for electron
and hole are always in pairs (see Fig. 2), therefore all the uncontrollable phases during the
scattering at the Y-junction cannot affect the conductance, guaranteed by the particle-hole
symmetry. This point marks the major advantage of our Andreev interferometer. When
eV = 0 (ζ = pi) and τ ≈ 0 (no transmission between the two channels), the conductance
is reduced to G/G0 = T 2(1 + cos Φ)/(1− T )2, which is the standard result for an Aharonov-
Bohm interferometer, as expected from our basic idea in Fig. 1(b).
For the general NS interface with a finite barrier, the conductance can be obtained
numerically by combining the scattering matrices at the Y-junction and the NS interfaces
in a standard way (See appendix 3 for details). In order to present the numerical results, the
Cooper pair momentum is expressed in polar coordinates as Q = 2κξ−10 (cos θ, sin θ), with
ξ0 = ~vF/∆0 being the superconducting coherence length. The direction angle θ of the
Cooper pair momentum can be precisely determined by carefully tuning the direction of the
external Zeeman field [34]. In the following, we adopt the parameters as κ = 0.5, η1 = η2 =
4, h = 3piξ0, and t/
√
2 = τ = −ρ = 0.5, where ηj is the length of channel j in unit of k−1F , to
illustrate our major results.
Detecting FF superconductors by an Andreev interferometer 8
Figure 4. (color online) Conductance as a function of eV and θ. Z1 = Z2 = 1, and see text
for values of other parameters.
The zero bias conductance G/G0 as a function of θ is plotted in Fig. 3. We find
that the positions for the minimal conductance are irrelevant to the barriers, which always
occur at 1 + cos Φ = 0. For the symmetric NS interfaces (Z1 = Z2) the minimal
conductance reaches zero, while for the unbalanced NS interfaces, it is lifted from zero. Given
−pi/2 < θ1 < θ2 < pi/2 being two adjacent minimums, the magnitude of the Cooper pair
momentum is given by 2pi/[h(sin θ2 − sin θ1)].
At finite bias, the contour plot of G/G0 in eV and θ plane is shown in Fig. 4. We
find that the conductance oscillation with θ still exists. Moreover, the minimal conductance
is insensitive to the bias when eV < ∆ − |α|, which greatly relaxes the condition to
determine the Cooper pair momentum in the proposed interferometer. In addition, there is
a notable boundary in Fig. 4 described by eV/∆ = 1± κ cos θ representing the conductance
singularities, which is the evidence of the energy spectra split caused by Qx.
4. Discussions
It is worthwhile to compare the present Andreev interferometer with the conventional ones
[39, 40]. In a conventional interferometer, the conductance oscillation is driven by a
supercurrent [36] or an external flux [40], while in our proposal, the conductance oscillates
with the direction of the pairing momentum. The momentum direction can be tuned by
an in-plane Zeeman field, which does not introduce any orbital effects or fluxes for a two
dimensional FF superconductor. In the conventional interferometers, the Zeeman splitting of
the conductance is independent of the direction of the magnetic field, while in the present case,
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the conductance splitting is caused by Qx and strongly depends on the direction angle θ of the
in-plane Zeeman field. As a result, the conductance structure in the present model is specific
to the FF states and can be easily distinguished from that in conventional interferometers.
Several important issues related to the experimental implementation of the interferometer
should be discussed. The diameter of the nanowires should be smaller than the
superconducting coherence length in order to eliminate the superconducting phase
fluctuations in the one dimensional channels. For superconductors with a large coherence
length (ξ0 ∼ 100 nm in CePt3Si [24]), the Y-junction may be routinely fabricated using the
lithography method. However, for superconductors with a small coherence length (ξ0 ∼ 9 nm
[11]), the junction can be realized by carbon nanotubes or other metallic nanowires using the
state-of-the-art chemical growing method [41, 42, 43, 44, 45, 46]. For such nanowires, the
transverse modes have an energy spacing about 10 - 100 meV, therefore the electron and hole
can transport within a single transverse mode in the energy scale of ∆ ∼ 1 Kelvin. To observe
at least one period of the subgap conductance oscillation, h ≥ piξ0/(2κ) is required, which
can be satisfied in the practical experiments [42, 46]. The necessary proximity effects and
the associated AR in nanowires have already been demonstrated experimentally by different
groups[47, 48, 49]. To ensure that the phase informations are not lost during the multiple
scatterings, the nanowires need a large phase coherence length Lϕ. In carbon nanotubes
Lϕ ∼ 250 nm [50] and in other semiconductor or metallic nanowires with high mobilities,
Lϕ ∼ 1− 10 µm, which is sufficient for our Andreev interferometer.
We need to point out that the proposed interferometer can resolve the FF superconductors
with even small pairing momentum, which may not be distinguished by the conventional
measurements on their anomalous properties. This interferometer opens the exciting
perspectives to detect the Cooper pair momentum in non-centrosymmetric superconductors,
which not only can facilitate the unambiguous identification of finite momentum pairing
in inhomogeneous superconductors, but also greatly deepen our understanding of fermionic
pairing in modern physics.
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Appendix 1: Microscopic model for proximity effect
We employ a tunneling model to calculate the effective pair potential in the nanowire induced
by the two dimensional FF superconductor deposited above. The nanowire is set along x-
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direction, with y being its lateral location. The Hamiltonian of the whole system is composed
of three terms, H = HS + HN + HT , where HS and HN describe the Hamiltonian in the
FF superconductor and that in the nanowire, respectively, and HT describes the tunneling
between them. We have
HS =
∑
k,σ
ε(k)c†k,σck,σ + (∆c
†
k+Q/2,↑c
†
−k+Q/2,↓ +H.c.),
HN =
∑
kx,σ
ξ(kx)b
†
kx,σ
bkx,σ,
HT = Γ
∑
k,σ
e−ikyyc†kx,σ(ky)bkx,σ +H.c., (A.1)
where ck,σ and bkx,σ are electron operators for the FF superconductor and the nanowire,
respectively, the single-particle energy ε(k) and ξ(kx) are both measured from the Fermi
level, ∆ is the pair potential in the superconductor and Γ is the tunneling amplitude between
the superconductor and the nanowire. The energy dependence of Γ is neglected in the energy
scale of ∆, which is much smaller than the Fermi energy. A clean contact between the
superconductor and the nanowire (without any scattering caused by impurities) is assumed,
so that the momentum component along the nanowire (kx) is conserved during the tunneling
processes. The pairing in the superconductor occurs with a finite Cooper pair momentum Q.
The self-energy ΣN(ω) for the nanowire is given by
ΣN(ω) = Tˆ
†GS(ω)Tˆ , (A.2)
where GS(ω) is the Green function in the FF superconductor and Tˆ represents the tunneling
terms from the nanowire to the superconductor in HT . Given that the Cooper pair momentum
is much smaller than the Fermi wave vector of the superconductor kSF , the Green function for
the FF superconductor can be expressed in the Nambu representation (ck+Q/2,↑, c
†
−k+Q/2,↓) as
GS(k;ω) =
ω − ~2k·Q
2m
+ ε(k)τz + ∆τx
(ω − ~2k·Q
2m
)2 − ε2(k)−∆2 , (A.3)
where τx,y,z are the Pauli matrices in the Nambu space. Inserting Eq. (A.3) into Eq. (A.2),
one obtains the self energy of the nanowire under the basis (bkx+Qx/2,↑, b
†
−kx+Qx/2,↓) as
ΣN(kx;ω) = Γ
2
∑
ky
(
G11S (k;ω) −eiQyyG12S (k;ω)
−e−iQyyG21S (k;ω) G22S (k;ω)
)
(A.4)
Two important conclusions can be drawn from Eq. (A.4): (a) The proximity effect leads to
the finite momentum pairing in the nanowire with Qx equal to that in the FF superconductor;
(b) The information of Qy is registered by the phase e±iQyy, which defines the macroscopic
phases of two channels of the proposed Andreev interferometer.
The electron density in the nanowire is much lower than that in the superconductor so
that the kx-dependence in Eq. (A.4) can be dropped. The summation in Eq. (A.4) can
be transformed into a integral over energy ε. The density of states N(ε) = [∂ε/∂ky]−1 is
approximated by its value at the Fermi energy N(0), and one obtains,
ΣN(ω) =
∑
λ=±
χλ(ω)[−ωλ + ∆(cos βτx − sin βτy)], (A.5)
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where χ±(ω) = piN(0)Γ2(∆2−ω2±)−1/2, β = Qyy, and ω± = ω±~2kSFQy/(2m). The Green
function of the nanowire is given by,
GN(ω) =
Z
ω −HeffN
, (A.6)
whereHeffN = Z[HN + (χ− − χ+)~2kSFQy/(2m)] + (1−Z)∆(cos βτx − sin βτy), Z(ω) =
[1 + χ+(ω) + χ−(ω)]−1, and HN is the Hamiltonian HN in Eq. (A.1) written in the Nambu
space.
Since the Green function is given under the basis of (bkx+Qx/2,↑, b
†
−kx+Qx/2,↓), after a
Fourier transformation, one finds that the effective pair potential in the nanowire is ∆(y) =
(1 − Z)∆eiQyyeiQxx, with the phase modulation being the same as that in the bulk FF
superconductor and the strength renormalized by the factor (1−Z). Under the strong coupling
limit Z  1, we have ∆(y) = ∆eiQyyeiQxx. The normal part of the Hamiltonian of the
nanowire is also modified by the factor Z , indicating a renormalization of the Fermi velocity.
Although such a renormalization may result in a velocity mismatch at the NS interface, it
can be compensated by utilizing a gate voltage or simulated by a barrier potential. Thus, the
effective Hamiltonian in the spatial space for the nanowire can be written as
Heff =
∫
dx
∑
σ=↑,↓
[
ψ†σhjψσ + (∆jψ
†
↑ψ
†
↓ +H.c.)
]
(A.7)
with hj and ∆j defined in the main text. From Eq. (A.7), the BdG equation in the main text
is restored.
Appendix 2: Blonder-Tinkham-Klapwijk theory
After the transformation uj = u˜jei(k+Qx/2)x and vj = v˜jei(k−Qx/2)x, the BdG equation is
reduced to (
ξk+Qx/2 ∆e
iQyyj
∆e−iQyyj −ξk−Qx/2
)(
u˜j
v˜j
)
= E
(
u˜j
v˜j
)
, (A.8)
where ξk = ~2k2/(2m)− µ. The eigenvalues of the BdG equation are found as
E =
ξk+Qx/2 − ξk−Qx/2
2
±
√
∆2 +
(
ξk+Qx/2 + ξk−Qx/2
2
)2
. (A.9)
Under the general condition Qx  kF , the dispersion Eq. (2) in the main text for the particles
near the Fermi level (|k − kF |  kF ) is obtained.
For an electron incident from the normal region with an energy E, the wave functions
take the form
ΨjN =
(
1
aj
)
eikF x + bj
(
1
0
)
e−ikF x,
ΨjS = cj
(
eiϕju+0
v+0
)
eikF x + dj
(
eiϕjv−0
u−0
)
e−ikF x, (A.10)
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where u±0 =
√
[1 +
√
(E ∓ α)2 −∆2/(E ∓ α)]/2, v±0 =
√
1− (u±0 )2, phase ϕj = Qyyj ,
and all the wave vectors are approximated by kF . All the scattering states in Eq. (A.10)
are illustrated in Fig. 1(c) in the main text. The amplitudes aj, bj, cj and dj denote the
amplitudes of the AR, the normal reflection, and the electron-like and hole-like quasiparticle
transmissions, respectively.
Utilizing the boundary conditions ΨjN = Ψ
j
S and ∂x(Ψ
j
S − ΨjN) = (2mUj/~2)ΨjN at
x = L, the AR and the normal reflection amplitudes are obtained as
aj = u
−
0 v
+
0 e
−iϕj/γj, bj = −e2iηj(u+0 u−0 − v+0 v−0 )Zj(i+ Zj)/γj, (A.11)
where γj = u+0 u
−
0 (1 + Z
2
j ) − v+0 v−0 Z2j , ηj is the length of channel j in unit of k−1F , and
Zj = mUj/(~2kF ) is the dimensionless barrier strength. Similarly, the scattering amplitudes
for a incident hole are obtained as
a′j = u
+
0 v
−
0 e
iϕj/γj, b
′
j = −e−2iηj(u+0 u−0 − v+0 v−0 )Zj(−i+ Zj)/γj. (A.12)
Appendix 3: Scattering matrix approach
It is convenient to write all the scattering coefficients at the NS interfaces into a reflection
matrix as RA =
(
R1 0
0 R2
)
, with Rj =
(
bj a
′
j
aj b
′
j
)
. The scattering matrix at a symmetric
Y-junction takes the form
S =
(
R0 T
′
0
T0 R
′
0
)
, (A.13)
where the submatrices T ′0 = T
T
0 =
(
t 0 t 0
0 t∗ 0 t∗
)
describe the quasiparticle transmission
between chanel 0 and channel j, R0 =
√
1− 2T
(
1 0
0 1
)
represents the reflection within
channel 0, and R′0 =

ρ 0 τ 0
0 ρ∗ 0 τ ∗
τ 0 ρ 0
0 τ ∗ 0 ρ∗
 represents the reflection within channel j and
the transmission between channel 1 and channel 2. The scattering matrix S is written in
the particle-hole space, however, all the scattering amplitudes representing the electron-hole
conversion are zero at the Y-junction. The scattering amplitudes for electrons are given as
ρ for the reflection within channel j, τ for the transmission between channel 1 and channel
2, and t for the transmission between channel 0 and channel j, respectively. The scattering
amplitudes for holes are just the complex conjugate of those for electrons, due to the particle-
hole symmetry of the BdG equation. Due to the time reversal symmetry of the Y-junction, the
scattering matrix S is symmetric.
Then, the scattering matrix for the whole Andreev interferometer can be obtained by
combining S andRA. The unitarity of S gives the restrictions |ρ−τ | = 1, |ρ+τ | =
√
1− 2T ,
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and ρτ ∗ + ρ∗τ = −T , which are useful to simplify the matrix combination. The composite
scattering matrix, describing an electron or a hole in channel 0 is reflected back as an electron
or a hole, is given by
M = R0 + T
′
0RA(1−R′0RA)−1T0. (A.14)
Specifically, the total AR amplitude in channel 0 for a incident electron is a˜ = M21 and the
normal reflection amplitude is b˜ = M11. The dimensionless conductance is obtained as
G
G0
= 1 + |a˜|2 − |b˜|2. (A.15)
References
[1] Bardeen J, Cooper L N and Schrieffer J R 1957 Phys. Rev. 108 1175
[2] Fulde P and Ferrell R A 1964 Phys. Rev. 135 A550
[3] Larkin A I and Ovchinnikov Yu N 1965 Sov. Phys. JETP 20 762
[4] Croitoru M D, Houzet M and Buzdin A I 2012 Phys. Rev. Lett. 108 207005
[5] Radovan H A, Fortune N A, Murphy T P, Hannahs S T, Palm E C, Tozer S W and Hall D 2003 Nature
(London) 425 51
[6] Matsuda Y and Shimahara H 2007 J. Phys. Soc. Jpn. 76 051005
[7] Gloos K, Modler R, Schimanski H, Bredl C D, Geibel C, Steglich F, Buzdin A I, Sato N and Komatsubara
T 1993 Phys. Rev. Lett. 70 501
[8] Bianchi A, Movshovich R, Capan C, Pagliuso P G and Sarrao J L 2003 Phys. Rev. Lett. 91 187004
[9] Kenzelmann M, Stra¨ssle Th, Niedermayer C, Sigrist M, Padmanabhan B, Zolliker M, Bianchi A D,
Movshovich R, Bauer E D, Sarrao J L and Thompson J D 2008 Science 321 1652
[10] Singleton J, Symington J A, Nam M-S, Ardavan A, Kurmoo M and Day P 2000 J. Phys.: Condens. Matter
12 L641
[11] Lortz R, Wang Y, Demuer A, Bo¨ttger P H M, Bergk B, Zwicknagl G, Nakazawa Y and Wosnitza J 2007
Phys. Rev. Lett. 99 187002
[12] Kontos T, Aprili M, Lesueur J and Grison X 2001 Phys. Rev. Lett. 86 304
[13] Park W K, Sarrao J L, Thompson J D and Greene L H 2008 Phys. Rev. Lett. 100 177001
[14] Park W K and Greene L H 2009 J. Phys.: Condens. Matter 21 103203
[15] Krawiec M, Gyo¨rffy B L and Annett J F 2004 Phys. Rev. B 70 134519
[16] Bianchi A, Movshovich R, Oeschler N, Gegenwart P, Steglich F, Thompson J D, Pagliuso P G and Sarrao
J L 2002 Phys. Rev. Lett. 89 137002
[17] Movshovich R, Jaime M, Thompson J D, Petrovic C, Fisk Z, Pagliuso P G and Sarrao J L 2001 Phys. Rev.
Lett. 86 5152
[18] Kakuyanagi K, Saitoh M, Kumagai K, Takashima S, Nohara M, Takagi H and Matsuda Y 2005 Phys. Rev.
Lett. 94 047602
[19] Watanabe T, Kasahara Y, Izawa K, Sakakibara T, Matsuda Y, van der Beek C J, Hanaguri T, Shishido H,
Settai R and Onuki Y 2004 Phys. Rev. B 70 020506(R)
[20] Yang Kun and Agterberg D F 2000 Phys. Rev. Lett. 84 4970
[21] Yokoyama T, Onari S and Tanaka Y 2008 J. Phys. Soc. Jpn. 77 064711
[22] Yuan H Q, Agterberg D F, Hayashi N, Badica P, Vandervelde D, Togano K, Sigrist M and Salamon M B
2006 Phys. Rev. Lett. 97 017006
[23] Lee K W and Pickett W E 2005 Phys. Rev. B 72 174505
[24] Frigeri P A, Agterberg D F, Koga A and Sigrist M 2004 Phys. Rev. Lett. 92 097001
[25] Tada Y, Kawakami N and Fujimoto S 2008 Phys. Rev. Lett. 101 267006
[26] Goh S K, Mizukami Y, Shishido H, Watanabe D, Yasumoto S, Shimozawa M, Yamashita M, Terashima T,
Yanase Y, Shibauchi T, Buzdin A I and Matsuda Y 2012 Phys. Rev. Lett. 109 157006
[27] Michaeli K, Potter A C and Lee P A 2012 Phys. Rev. Lett. 108 117003
Detecting FF superconductors by an Andreev interferometer 14
[28] Dimitrova O V and Feigelman M V 2003 Pis’ma Zh. Eksp. Teor. Fiz. 78 1132 [2003 JETP Lett. 78 637]
[29] Samokhin K V 2004 Phys. Rev. B 70 104521
[30] Kaur R P, Agterberg D F and Sigrist M 2005 Phys. Rev. Lett. 94 137002
[31] Agterberg D F and Kaur R P 2007 Phys. Rev. B 75 064511
[32] Dimitrova O and Feigel’man M V 2007 Phys. Rev. B 76 014522
[33] Zheng Z, Gong M, Zou X, Zhang C, Guo G 2013 Phys. Rev. A 87 031602(R)
[34] Qu C, Zheng Z, Gong M, Xu Y, Mao L, Zou X, Guo G and Zhang C 2013 Nature Communications 4 2710
[35] Spivak B Z and Khmelnitskii D E 1982 Pis’ma Zh. Eksp. Teor. Fiz. 35 334 [2003 JETP Lett. 35 412].
[36] Nakano H and Takayanagi H 1993 Phys. Rev. B 47 7986
[37] Blonder G E, Tinkham M and Klapwijk T M 1982 Phys. Rev. B 25 4515
[38] Bu¨ttiker M, Imry Y and Azbel M Ya 1984 Phys. Rev. A 30 1982
[39] Lambert C and Raimondi R 1998 J. Phys. Condens. Matter 10 901
[40] Samuelsson P, Lantz J, Shumeiko V S and Wendin G 2000 Phys. Rev. B 62 1319
[41] Papadopoulos C, Rakitin A, Li J, Vedeneev A S and Xu J M 2000 Phys. Rev. Lett. 85 3476
[42] Li J, Papadopoulos C and Xu J 1999 Nature (London) 402 253
[43] Andriotis A N, Menon M, Srivastava D and Chernozatonskii L 2001 Phys. Rev. Lett. 87 066802
[44] Li W Z, Wen J G and Ren Z F 2001 Appl. Phys. Lett. 79 1879
[45] Satishkumar B C, Thomas P J, Govindaraj A and Rao C N R 2000 Appl. Phys. Lett. 77 2530
[46] Meng G, Jung Y J, Cao A, Vajtai R and Ajayan P M 2005 Proc. Nat. Acad. Sci. USA 102 7074
[47] Mourik V, Zuo K, Frolov S M, Plissard S R, Bakkers E P A M and Kouwenhoven L P 2012 Sciece 336
1003
[48] Doh Y J, Dam J A, Roest A L, Bakkers E P A M, Kouwenhoven L P and Franceschi S D 2005 Science 309
272
[49] Xiang J, Vidan A, Tinkham M, Westervelt R M and Lieber C M 2006 Nat. Nanotech. 1 208
[50] Tsukagoshi K, Alphenaar B W and Ago H 1999 Nature (London) 401 572
